The decay rates and spectroscopy of the D and D s mesons are computed in a nonrelativistic phenomenological quark-antiquark potential of the type V (r) = − 4 3 αs r + Ar ν with different choices of ν. Numerical method to solve the Schrödinger equation has been used to obtain the spectroscopy of qQ mesons. The spin hyperfine, spin-orbit and tensor components of the one gluon exchange interactions are employed to compute the spectroscopy of the excited S states, low lying P -waves and D-waves. The numerically obtained radial solutions are employed to obtain the decay constant and leptonic decay widths. It has been observed that predictions of the spectroscopy and the decay widths are consistent with other model predictions as well as with the known experimental values.
Introduction
Spectroscopy of hadrons containing heavy flavours has attracted considerable interest in recent years due to many experimental facilities such as the BES at the Beijing Electron Positron Collider (BEPC), E835 at Fermilab, and CLEO at the Cornell Electron Storage Ring (CESR) etc., worldover. They have been able to collect huge data samples in the heavy flavour sector. Where as B-meson factories, BaBar at PEP-II and Belle at KEKB are working on the observation of new and possibly exotic hadronic states. All these experiments are capable of discovering new hadrons, new production mechanisms, new decays and transitions and in general will be providing high precision data sample with better stastics and higher confidence level. After having played a major role in the foundation of QCD, heavy hadron spectroscopy has witnessed in the last few years a renewal of interest led by the many new data coming from the B factories, CLEO and the Tevatron and by the progress made in the theoretical methods. The remarkable progress at the experimental side, with various high energy machines such as BaBar, BELLE, B-factories, Tevatron, ARGUS collaborations, CLEO, CDF, DØ etc., for the study of hadrons has opened up new challenges in the theoretical understanding of light-heavy flavour hadrons. The existing results on excited heavy-light mesons are therefore partially inconclusive, and even contradictory in several cases. The predictions of masses of heavy-light system for ground state as well as excited state are few from the theory [1, 2, 3, 4, 5, 6, 7] . In the open charm sector, the observation of a charm-strange state, the D * sJ (2317) state [8] by BaBar Collaboration. It was confirmed by CLEO Collaboration at the Cornell Electron Storage Ring [9] and also by Belle Collaboration at KEK [10] . Besides, BaBar had also pointed out to the existence of another charm-strange meson, the D sJ (2460) [8] . This resonance was measured by CLEO [9] and confirmed by Belle [10] . Belle results [10] are consistent with the spin-parity assignments of J P = 0 + for the D * sJ (2317) and J P = 1 + for the D sJ (2460). Thus, these states are well established and confirmed independently by different experiments. They present unexpected properties, quite different from those predicted by quark potential models. If they would correspond to standard P −wave mesons made of a charm quark and a strange antiquark their masses would be larger [11] , around 2.48 GeV for the D * sJ (2317) and 2.55 GeV for the D sJ (2460). They would be therefore above the DK and D * K thresholds, respectively with being broad resonances. However the states observed by BaBar and CLEO are very narrow, Γ < 4.6 MeV for the D * sJ (2317) and Γ < 5.5 MeV for the D sJ (2460). In near future, even larger data samples are expected from the BES-III upgraded experiments, while the B factories and the Fermilab Tevatron will continue to supply valuable data for few more years. Later on, the LHC experiments at CERN, Panda at GSI etc., will be accumulating large data sets which will offer greater opportunities and challenges particularly in the field of heavy flavour physics [12] . At the hadronic scale the nonperturbative effects connected with complicated structure of QCD vacuum necessarily play an important role. But our limited knowledge about the nonperturbative QCD leads to a theoretical uncertainty in the quark-antiquark potential at large and intermediate distances [13] . So a successful theoretical model can provide important information about the quark-antiquark interactions and the behavior of QCD at the hadronic scale. Though there exist many potential models with relativistic and nonrelativistic considerations employed to study the hadron properties based on its quark structure [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28] , the most commonly used potential is the coulomb plus linear power potential, V (r) = − 4 3 αs r + σr, with the string tension σ [29, 30] . However, for the higher excited mesonic states it is argued that the string tension σ must depend on the QQ separation [31, 32] . This corresponds to flattening of the confinement potential at larger r (r ≥ 1f m). More over the analysis based on Regge trajectories for meson states suggests the confinement part of the potential to have the power 2 3 instead of 1 [33, 34] . This has prompted us to choose a power form for the confining part of the interquark potential and study the properties of heavy flavour systems by varying the power of the confinement part of the interquark potential different from 1.0.
Apart from the spectroscopic predictions of higher orbital states, other problems associated with the phenomenological models employed for the properties of mesons are the right predictions of their decay properties. For better predictions of the decay widths, many models need to incorporate additional terms such as the radiative contributions, higher order QCD corrections etc., to the conventional decay formula [14, 15, 35, 36, 37] . The decay widths can provide an account of the compactness of the meson system in terms of the radial wave function which is an useful information complementary to spectroscopy [38] . Other unresolved issues are related to the hyperfine and fine structure splitting of the mesonic states and their intricate dependence with the constituent quark masses and the running strong coupling constant. Thus, in this paper we make an attempt to study properties like mass spectrum, decay constants and other decay properties of the open charm mesons (D, D s ). We investigate the heavy-light mass spectra of D(cq) and D s (cs) mesons in the frame work of the nonrelativistic CPP ν potential model. In the present study, we consider different choices of the potential power index ν in the range 0.1 < ν < 2.0.
Nonrelativistic Treatment for Heavy Flavour Mesons using CPP ν
In general, properties of heavy flavour mesons have been studied based on potential models in the frame work of relativistic as well as nonrelativistic quantum mechanics. In the limit of heavy quark mass m Q → ∞, heavy meson properties are governed by the dynamics of the light quark. As such, these states become hydrogen like atoms of hadron physics. Moreover, both the non-relativistic predictions are in fair agreements with each other as well as with the available experimental and lattice results. Hence, for the present study of charm meson bound states, we consider a nonrelativistic Hamiltonian given by [14, 15, 39, 40, 41, 42] 
here, M = m 1 + m 2 , and
The relative momentum of each quark is represented by p and V (r) is the quark-antiquark potential. Nonrelativistically, this interaction potential consists of a central term V c (r) and a spin dependent part V SD (r). The central part V c (r) is expressed in terms of a vector (Coulomb) plus a scalar (confining) part given by
as the static quark-antiquark interaction potential [14] . 
Spin-dependent Forces
In general, the quark-antiquark bound states are represented by n 2S+1 L J , identified with the For computing the mass difference between different degenerate meson states, we consider the spin dependent part of the usual one gluon exchange potential (OGEP) given by [27, 43, 44, 45, 46] . Accordingly, the spin-dependent part, V SD (r) contains three components of the interaction terms, such as the spin-spin, the spin-orbit and the tensor part given by [44] 
The spin-orbit term containing V LS (r) and the tensor term containing V T (r) describe the fine structure of the meson states, while the spin-spin term containing V SS (r) proportional to 2(
gives the spin singlet-triplet hyperfine splitting.
The coefficient of these spin-dependent terms of Eqn.4 can be written in terms of the vector and scalar parts of the static potential, V c (r) as [44] 
The present study with the choices of ν in the range 0.1 < ν < 2.0, is an attempt to know the predictability of the hadron spectroscopy with a chosen value of mass parameters (m 1 , m 2 ) and confinements strength represented by the potential parameter A. The running strong coupling constant appeared in the potential V (r) in turn is related to the quark mass parameter as
Where, n f is the number of flavors, µ is renormalization scale related to the constituent quark masses as µ = 2m 1 m 2 /(m 1 + m 2 ) and Λ is the QCD scale which is taken as 0.150 GeV by fixing α s = 0.118 at the Z−boson mass (91 GeV ) [47] .
The potential parameter, A of Eqn.3 is similar to the string strength σ of the Cornell potential. The different choices of ν here then correspond to different potential forms. So, the potential parameter A expressed in GeV ν+1 can be different for each choices of ν. The model potential 
Spectra of Heavy -Light Flavour (Qq) Mesons
The spectra of the heavy-light mesons are calculated using nonrelativistic hamiltonian as given by Eqn. [47] . We employ the numerical approach as given by [48] to find the eigen values and radial wave functions of the respective Schrödinger equation. The potential parameter A, is made to vary for computing the spin independent masses of the orbital excited (nL) states. The variation in A can be justified by similar arguments for the changes in α s with the average kinetic energy. Here, as the system get excited, the average kinetic energy increases and hence the potential strength (the spring tension) reduces. With this mild state dependence on the potential parameter A, we obtain the spin average masses of the orbital excited states closer to the experimentally known D and D s systems. The computed values of the radial wave function at the origin |R ℓ nℓ (0)| for different states are listed in Table 1 (nS−states) and Table 2 (1P, 2P, 1D, 1F −states) for all the cq (Q ǫ c and q ǫ u/d, s) combinations. Using the spin dependent potential given by Eqn.4, we compute the masses of the different n 2S+1 L J low lying states of cq and are listed in Table 3 
The Decay constants of the charm flavored mesons
The decay constants of mesons are important parameters in the study of leptonic or non-leptonic weak decay processes. The decay constants of pseudoscalar (f P ) and vector (f V ) states are obtained by parameterizing the matrix elements of weak current between the corresponding mesons and the vacuum as [50] 
where k is the meson momentum, ǫ µ and M V are the polarization vector and mass of the vector meson.
In the relativistic quark model, the decay constant can be expressed through the meson wave function Φ P/V (p) in the momentum space [26] .
with λ P = −1 and λ V = −1/3. In the nonrelativistic limit p 2 m 2 << 1.0, this expression reduces to the well known relation between f P/V and the ground state wave function at the origin R P/V (0) the Van-Royen-Weisskopf formula [51] . Though most of the models predict the meson mass spectrum successfully, there exist wide range of predictions of their decay constants. For example, the ratio f P f V was predicted to be > 1 in most of the nonrelativistic cases, as m P < m V and their wave function at the origin has assumed to be as R P (0) ∼ R V (0) [52] . The ratio computed in the relativistic models [53] have predicted f P f V < 1, particularly in the QQ sector, but f P f V > 1 in the heavy-light flavour sector. The disparity of the predictions of these decay constants play decisive role in the precision measurements of the weak decay parameters. The value of the radial wave function (R P ) for 0 −+ and (R V ) for 1 −− states would be different due to their spin dependent hyperfine interaction. The spin hyperfine interaction of the heavy flavour mesons are small and this can cause a small shift in the value of the wave function at the origin. Though, many models neglect this difference between (R P ) and (R V ), we consider this correction by making an ansatz that the R P/V (0) are related to the value of the radial wave function at the origin, R n (0) according to the same way their masses are related. Thus, by considering and following the fact that any c-number, a, commutes with the Hamiltonian, i.e. aHΨ = H(aΨ), we express,
Here (SF ) P = − are the spin factor corresponding to the pseudoscalar (J = 0) spin coupling and vector (J = 1) spin coupling respectively [40] . M n,CW and R n (0) are spin average mass and the normalized spin independent wave function at the origin of the meson state respectively. It can easily be seen that this expression given by Eqn 14 is consistent with the relation
given by [14, 56] for nS states. The decay constants by incorporating first order QCD correction to the Van Royen-Weiskopff formula are given by [57, 58] ,
where, the first order QCD correction factor,C(α s ) is expressed for the Qq system as
Here δ V = for 1S state is tabulated against different choices of ν in Table 6 . The present results are in accordance with other predictions as seen from the the pseudoscalar decay constant f D and f Ds .
Root mean square Radii of the D and D s meson states and Average quark Velocities
The mean square size of the meson is an important parameter in the estimations of hadronic transition widths [67, 71, 72] , while the average velocity of the quarks within a quark-antiquark bound state is important for the estimation of the relativistic corrections and useful particularly in the NRQCD formalism. It is also important in the estimation of their production rates [73] . Thus with our numerical radial wave functions obtained for different choices of the potential index ν, we compute the mean square radii of the meson state as
and the average mean square velocity of the quark/antiquark inside the state as [74] 
Here, E nl is the binding energy of the nℓ th state and V (r) nl is the expectation value of the quark-antiquark interaction (without spin dependent terms) potential energy in that state. The computed root mean square radii and the relative mean square velocities of the bound states within the mesons are tabulated in Table 7 and Table 8 with different choices of ν respectively. In semileptonic decays, the two leptons do not feel the strong interaction, and are thus free of strong binding effects. Therefore, they can be factored out of the hadronic matrix element in the amplitude of the semileptonic decay process as
where all strong interactions are included in the hadronic matrix element X|qγ
The amplitude of the semileptonic decay process depends both on the hadronic matrix element and the quark-mixing parameter V cq -the Cabibbo-Kobayashi-Maskawa (CKM) matrix element. Thus, the semileptonic charm meson decay process is a good laboratory for both studying the quark-mixing mechanism and testing theoretical techniques developed for calculating the hadronic matrix element. The hadronic matrix element can be decomposed into several form factors according to its Lorentz structure. The form factors are generally controlled by nonperturbative dynamics, since perturbative QCD could not be applied directly. and Γ(D s → φ + ℓ + + ν ℓ ) mesons are calculated using the expression given by [68, 69, 70] ,
where f (x) = 1 − 8x + 8x 3 − x 4 − 12x 2 log x, and the analytic expression of the function g(x) is given by [50, 68] g(x) = −15.28x 6 + 48.68x 5 − 60.06x
Here, the parameter x is computed as x = m 
to account for its bound state effects. The binding effect has been calculated as E bind = M Qq −(m Q +mq), where m Q and mq are the model mass parameters employed in its spectroscopic study and M Qq is the mass of the mesonic state. The effective mass of the quarks would be different from the adhoc choices of the model mass parameters. For example, within the meson the mass of the quarks may get modified due to its binding interactions with other quark. Thus, the effective mass of the charm quark will be different when it is in cs combinations or in cd combinations due to the residual strong interaction effects of the bound systems.
From the computed inclusive semileptonic decay widths, the Branching ratio of D q mesons are taken here from the relation
The Lifetime of these mesons (τ D = 1.04 ps −1 and τ Ds = 0.5 ps Table: 9. Our results are found to be in agreement with experimental results at lower potential indexes ν ≈ 0.1 to 0.5, which in consistent with the agreement observed for their spectroscopy.
Leptonic Decay of the Open Heavy Flavour Mesons
Charged mesons formed from a quark and anti-quark can decay to a charged lepton pair when these objects annihilate via a virtual W ± boson (See Fig.3 There are several reasons for studying the purely leptonic decays of charged mesons [65] . Such processes are rare but they have clear experimental signatures due to the presence of a highly energetic lepton in the final state. The theoretical predications are very clean due to the absence of hadrons in the final state [75] . The total leptonic width of D, D s mesons are given by
These transitions are helicity suppressed ; i.e., the amplitude is proportional to m ℓ , the mass of the lepton ℓ, in complete analogy to π Other predicted high angular momentum states ℓ ≥ 2 of these mesons are expected to be seen in the future experiments at BES-III, BaBar, Belle and CLEO collaborations. Our 1F − state mass predictions are in accordance with the theoretical predictions based on a relative quark model [2] but at higher choice of ν (ν ≥ 1.5).
Our results for f P and f V in the potential index ranging from 0.5 to 1.5 are fairly close to the known theoretical prediction as seen from Tables is very close to each other between 1.09 to 1.10 (without the QCD correction) and between 1.082-1.088 (with QCD correction) with changing ν from 0.1 to 1.5. The ratio predicted by the CPP ν model is thus very close to the ratio predicted by [59] and [63] but is lower than the ratio of 1.27 as per the recent experimental values of CLEO [79] and BaBar [80] . The semileptonic branching ratios of D and D s mesons computed here using CPP ν model (See Table 9 ) are all found to be in good agreement with their respective experimental results. It can also be seen that the results do not vary appreciably with change in potential index ν, indicating lesser influence of strong interaction effects in these decays. Though our predictions for D s are well within the experimental error bar, the branching ratio of D−meson is slightly under estimated. Present study on the leptonic decay branching ratios of D and D s system presented in Table  10 are as per the available experimental limits. The branching ratio in τ −lepton channel for D and D s mesons lie within the predicted range for the potential index ν ≈ 0.3 to 0.5. In the case of µ−lepton channel, the experimental value of (4.4 ± 0.7) × 10 −4 for D−meson lie in the predicted range for the potential index ν = 0.3 to 0.5 and that for D s meson in the potential index ν = 0.7 to 0.8. Large experimental uncertainty in the electron channel make it difficult for any reasonable conclusion. Probably, future high luminosity better statistics and high confidence level data sets will be able to provide more light on the spectroscopy and decay properties of these open charm mesons. [47] 6.6±0.6 6.2±0.6
